Abstract: Magnetic field effects on tris-(8-hydroxyquinoline) aluminum-based organic lightemitting devices (OLEDs) by employing Fe 3 O 4 as a magnetic dopant in the hole-transport layer (HTL) have been studied. The magnetic doped OLEDs exhibit efficient injection and transport of holes, and its performances are further enhanced after a magnetic field is applied. The enhancement of luminance and current efficiency of 20% and 24% has been obtained from the magnetic doped devices, while they are only 8% and 9%, respectively, for the nondoped devices under an applied magnetic field of 500 mT. Organic magnetoresistance induced by the magnetic doped HTL is the main origin of increased electroluminescence for the magnetic doped OLEDs.
Introduction
Improvement of efficiency has been a research focus of organic light-emitting devices (OLEDs) for its applications in flat panel display and solid-state lighting [1] - [3] . Although 100% internal quantum efficiency can theoretically be achieved by introducing triplet emitter, a 25% singlet exciton formation ratio has been a bottleneck in improving the efficiency of the conventional fluorescent OLEDs [4] , [5] . Recently, using a magnetic electrode has been accepted as a possible way to increase the singlet ratio by externally introducing the spin polarized carriers [6] - [10] . However, inefficient carrier injection from the magnetic electrode and short diffusion length of the spin polarized carriers in organic film are substantial obstacles to realizing highly efficient recombination of the spin polarized carriers [10] , [11] . Organic magnetoresistance (OMAR) in the organic semiconductor is another possible way to enhance the singlet ratio through a hyperfine scale magnetic field-dependent mixing of the singlet and triplet states or triplet-triplet annihilation. Unfortunately, the OMAR-induced enhancement of efficiency is usually limited to less than 10% [12] - [14] .
Fe 3 O 4 is a widely used ferromagnetic material in spintronic devices due to its unique electrical and magnetic properties. In our previous works, Fe 3 O 4 has been extended its application to OLEDs as an efficient anodic buffer [15] and p-dopant [16] to effectively enhance the hole injection and transport.
Efficient injection of spin polarized holes have been approved very recently by depositing an Fe 3 O 4 nanofilm on an indium tin oxide (ITO) anode as a spin aligner and anodic buffer, and 10.5% enhancement of current efficiency has been observed with an applied magnetic field [17] . However, short diffusion length of the spin polarized holes in the organic film is still a limitation to fully enable their arrival to the recombination region for the magnetic buffered OLEDs. In this paper, OLEDs with a magnetic dopant of Fe 3 O 4 in a hole-transport layer (HTL) are fabricated and characterized. Magnetic field-dependent electroluminescence (EL) was observed, and a large enhancement of 24% for the current efficiency was obtained. The OMAR induced by both the magnetic dopant and the organic functional layers are found to play important role in enhancing the EL of the magnetic doped OLEDs.
Experiments
The basic device structure consists of a 25-nm Fe 3 
0 -diamine (NPB) and 15-nm NPB as the HTL, 50-nm tris-(8-hydroxyquinoline) aluminum ðAlq 3 Þ as an emitting and electron-transport layer, and LiF (1 nm)/Al (100 nm) as the cathode. All the layers were sequentially evaporated by thermal evaporation in a high vacuum system with the pressure of less than 5 Â 10 À4 Pa onto an ITO-coated glass substrate. The evaporation rate is $1Å=s for the Fe 3 O 4 and $ 2Å=s for the NPB when evaporating the doped layer. The evaporation rate is $1Å=s for the neat organic layers, $ 0:02Å=s for the LiF layers, and $ 5Å=s for the Al cathode. The atomic compositions of the evaporated Fe 3 O 4 have been confirmed to stoichiometrically consist of Fe 3 O 4 by x-ray photoelectron spectroscopy measurement [17] . Superparamagnetism behavior of the evaporated Fe 3 O 4 thin film has been observed by characterization of a superconducting quantum interference device in our previous work [17] . The Fe 3 O 4 doped NPB layer is prepared by evaporating the Fe 3 O 4 and NPB synchronously with the volume ratio of 1 : 2. The current density-voltage-luminance (J-V-L) characteristics of the devices were measured by a Keithley 2400 programmable voltage-current source and a Photo Research PR-655 spectrophotometer. The active area of the devices was 2 Â 2 mm 2 . The magnetic field was parallel to the direction of the current flow in the devices, and it varied from 0 to 500 mT by precise control of the distance between the permanent magnet and the device. In order to remove any effects due to drifting in the device characteristics before and after each field measurement, a measurement at null field was taken [18] , [19] . These two null-field measurements were averaged and used to calculate the change in current, luminance, and current efficiency with applied magnetic field. The enhancement of the current, luminance (L), and current efficiency ðÞ are defined by their relative difference in the presence and in the absence of a magnetic field (B), e. g., ½ðBÞ À ð0Þ=ð0Þ ¼ Á=. All of the measurements were conducted under ambient condition.
Result and Discussions
The effects of the magnetic field on the EL performance of the magnetic doped OLEDs are summarized in Fig. 1 , which obviously show dependence of magnetic field and applied voltage. The ÁI=I shows similar behavior under a different applied magnetic filed. It increases with the increasing applied voltage and reaches the maximum at around 6 V. With a further increase of the applied voltage, the ÁI=I is gradually decreased. The maximum ÁI=I of about 2.65% at 6 V is obtained when the applied magnetic field is 500 mT. The ÁL=L increases and tends to be saturated with the increasing magnetic field, while it decreases with the increasing applied voltage and reaches zero at around 10 V. The maximum luminance enhancement of 20% was obtained at 500 mT and 3 V. The Á= shows a similar behavior with that of ÁL=L, and 24% of maximum enhancement was obtained at 500 mT and 3 V. The enhancement factor of both luminance and efficiency decrease with the increasing applied voltage, especially at a high magnetic field. The inset in Fig. 1(c) shows the measured current efficiency of the magnetic doped devices in the presence and in the absence of the magnetic field, respectively. The OLEDs clearly exhibit a higher efficiency when a magnetic field is applied.
The magnetic field would have effects on the EL of the OLEDs via mixing the singlet and triplet electron-hole pairs [13] or inducing the triplet-triplet annihilation [14] , etc. in organic functional materials, which is very sensitive to the device parameters. To verify the contribution of the magnetic dopant on the EL performance, we fabricated the control devices with MoO 3 as the nonmagnetic dopant, which is a widely used p-dopant in OLEDs. Moreover, the nondoped devices with the structure of ITO/NPB (40 nm)/Alq 3 (50 nm)/LiF (1 nm)/Al (100 nm) was also fabricated as a control. The EL characteristics of these devices without the magnetic field is shown in Fig. 2, which 3 have been demonstrated as efficient p-dopant in OLEDs, and charge transfer complex can be formed with the HTL, which results in the generation of free holes and, therefore, enhanced hole transport. In addition, enhanced hole injection can be obtained due to the reduced injection barrier by surface dipole formation [16] , [20] . 3 shows the enhancement of current, luminance, and efficiency versus applied voltage at 500 mT for each device. For all the devices, the current enhancement increases with increasing driving voltage up to a maximum and then decays, and the maximum ÁI=I is around 2%, except for a higher driving voltage for the nondoped devices. The maximum ÁL=L and Á= for the MoO 3 doped devices is 10% and 11% at 3 V, respectively, while it is 6% and 8.8% at 7 V for the nondoped devices. The magnetic field effect on the nondoped devices could be attributed to the OMAR of the organic functional layers through the filed-dependent intersystem crossing, which have been studied rather extensively in OLEDs [12] - [14] , [21] , [22] . The onset voltage of the field effect for the MoO 3 doped devices is much lower than that of the undoped devices due to the enhanced hole injection, which probably results in its' slightly higher enhancement, since it is believed that excitons are essential for the magnetic field effect [19] . While in the case of the Fe 3 O 4 doped devices, much higher enhancement has been observed. The maximum ÁL=L and Á= are 20% and 24%, respectively, at the same magnetic field of 500 mT. As can be seen from Figs. 1 and 3 , the enhancement factor of luminance and efficiency decreases with the increasing driving voltage, and even a minus increment appears at high voltage for both magnetic and nonmagnetic doped OLEDs. The phenomena has been observed previously [17] , [19] , [22] , and it was estimated that the magnetic filed may disturb the recombination of the second charge carriers (dissociated electrons and holes) or the triplet-triplet annihilation process and, therefore, cause the reduced singlet population [22] . These processes would also affect the carrier transport, and therefore, the OMAR also shows the voltage dependence. However, further theoretical and experimental research is still needed to verify the origins of these phenomena.
The above data indicates that the magnetic dopant should play a crucial role in obtaining the OMAR-induced high EL enhancement for the magnetic doped OLEDs. The energy band diagram is illustrated in Fig. 4 for OLEDs with the magnetic doped HTL. The Fermi level of Fe 3 O 4 is 5.2 eV [23] , which is between the Fermi level of ITO (4.8 eV) and the highest occupied molecular orbital level of NPB (5.4 eV). Therefore, the doped Fe 3 O 4 can result in a two-step hole injection at the anode interface, i.e., from ITO to Fe 3 O 4 and then from Fe 3 O 4 to NPB. In addition, the injected holes could hop between the Fe 3 O 4 in the HTL, because a high doping concentration ($33% by volume) results in a short distance between the dopant sites. Therefore, the magnetization of the Fe 3 O 4 in the HTL would have effect on the hole injection and transport, and the internal field induced by the magnetic dopant plays an important role in the excitons and bipolar formation process, which would contribute to the OMAR and result in a higher EL enhancement. We should note that the OMAR induced by the organic functional layers would also contribute to the EL enhancement of the Fe 3 O 4 -doped OLEDs, which has been observed in the above MoO 3 doped and nondoped devices.
Conclusion
In summary, we have demonstrated enhanced EL performance of the OLEDs with a magnetic doped HTL. Both the organic function layers and the magnetic dopant contribute to the OMARinduced EL improvements under an applied magnetic field. However, the EL of the magnetic doped OLEDs exhibits much higher EL enhancement factor than that of the MoO 3 doped and nondoped devices, because the magnetization of the Fe 3 O 4 dopant has an effect on the carrier transport. Therefore, use of a magnetic dopant in OLEDs presents an efficient pathway to enhance the EL efficiency of the fluorescent OLEDs.
